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re~orted t1 12 may be in error due to continued secretion of isoto~e
[3H]-Palmitate labeled natural lamb surfactant and free [14C]-choline were mixed with the lung fluid of 11 term lambs at cesarean section, before the first breath. After receiving the isotope, the lambs were delivered, allowed to breathe spontaneously, and were subsequently sacrificed from 5 min to % h of age. Alveolar washes, lung homogenates, microsomal and lamellar body fractions of lungs, and pulmonary alveolar macrophages were examined for the presence of labeled phosphatidylcholine. Analysis of the labeled natural surfactant kinetic data revealed an apparent tlIz of phosphatidvlcholine in the whole lung of 6.0 davs. This half-life can be interpreted only as a rough estimate." Appearance of considerable I3H] labeled phosphatidylcholine in the lung homogenates demonstrated uptake of phosphatidylcholine from alveoli into lung tissue. The surfactant-associated label in homogenates was localized preferentially to lamellar body fractions. Some of the administered ['4CI-choline appeared in phosphatidylcholine. Almost all of this labeled phosphatidylcholine was associated with the homogenate. Extremely small % of administered I3HI and Ir4C] were found in pulmonary alveolar macrophages.
Speculation
The prolonged tl/z measured in this study indicates very slow turnover of alveolar phosphatidylcholine and/or considerable reutilization of label and possibly of the entire phosphatidylcholine molecule. The concentration of label in lamellar bodies raises the possibility that alveolar phosphatidylcholine may be degraded and its components utilized for synthesis of new phosphatidylcholine or that alveolar phosphatidylcholine may be absorbed into type-2 alveolar cells and resecreted intact. The finding of [l4Cl labeled phosphatidylcholine in lung homogenate but not in alveolar wash indicates that, even if choline were released by intra-alveolar degradation of surfactant, it is not used to a significant degree for synthesis of new surfactant phosphatidylcholine.
The ultimate fate of surfactant phospholipids, once secreted into the alveoli, remains to be defined. Reasonable speculations include: (1) removal via the lymphatic or circulatory systems, (2) metabolism by alveolar macrophages, (3) surface spreading into the airways, or (4) reuptake into pulmonary parenchymal cells with reutilization of all or part of the phospholipid molecule. Estimates of the biologic half-life (tl/z) of surfactant phospholipids in lung parenchyma and in the alveoli have been derived by utilizing radiolabeled phospholipid precursors. The estimated half-life values vary, depending on type of labeled phospholipid precursor used, type of animal studied, and the maturity of the animals. An approximate tlI2 of 16 h has been reported for lung phosphatidylcholine (PC) in adult rats and rabbits, using radiolabeled palmitic acid as a precursor (10, 11, 19, 20) . Again using labeled palmitic acid, the biologic ttI2 for alveolar surfactant was estimated to be 54 and 45 h in newborn and adult sheep, respectively (8) . A common concern with these studies is that the 7 inio the ailkoli'as the surfactant decay curve is being observeh, which tends to give a prolonged tlIz. Any reabsorption and reutilization of the alveolar surfactant by lung tissue would further complicate the estimation of a tlIz for alveolar surfactant.
The present study focuses primarily on the length of survival of surfactant in newborn animals, once it is in the airways. In addition, we examined the possibility of reuptake of surfactant or its precursors from the alveoli into the lung tissue, as well as the role of the pulmonary alveolar macrophages in the breakdown of alveolar surfactant.
MATERIALS AND METHODS

Animals.
Eleven western mix bred lambs were delivered by cesarean section from date-mated ewes at 146 + 0.5 (S.E.) days gestation (term for singletons in this species is 150 days). Six of the iambs resulted from twin pregnancies. Initially, only the heads of the newborns were delivered, and 5.0 mm internal diameter cuffed endotracheal tubes were inserted into the tracheas and 10 ml of tracheal fluid was removed. Before the first breath, a mixture of about 2 pCi I3H]-palmitate labeled natural surfactant (containing 105 +-14 pmoles phosphatidylcholine) and 2 pCi [14C]-choline was diluted to a total volume of 20 ml with normal saline and injected by syringe into the endotracheal tube of each newborn. The isotope suspension plus tracheal fluid was flushed in and out of the syringe four to five times to mix the isotope with the residual fetal lung fluid. The endotracheal tube was clamped to prevent loss of the isotope and the cesarean section was completed.
Umbilical venous blood was drawn from all animals for blood gas and pH analysis. When the umbilical cords were cut, the endotracheal tubes were unclamped and the animals were hand ventilated with 100% oxygen at a peak inspiratory pressure of 20 cm Hz0 with a 500 ml anesthesia bag for 5 min. All animals began breathing spontaneously when the umbilical cord was cut. Those animals observed for longer than 6 h were bottle fed with standard infant formula. Lambs were sacrificed periodically, from 5 min to 96 h after birth, with a rapid intravenous injection of 1.0 g of pentobarbital (Euthanol-6). The animals were dried (if wet) and weighed at sacrifice.
Isotopes.
[ 3~] -~a l m i t a t e labeled natural surfactant was obtained from healthy newborn lambs. Approximately 35 h before sacrifice, two to seven-day-old lambs were given an intravenous injection of 15 mCi [9, ~O-~H]-~almitic acid (New England Nuclear-17.6 Ci/mmole) in a 4% bovine serum albumin-physiologic saline solution. The lungs were removed intact and lavaged four times to yield a wash volume of about 1 liter. Surfactant was recovered from the lavage fluid by centrifugation (1 2). Of the label recovered in the surfactant, 69.8% was in phosphatidylcholine. The surfactant is highly surface active and effective as therapy for respiratory distress in premature lambs (12) . [14C]-choline (54 Ci/mole) in ethanol was obtained from New England Nuclear.
Fraction isolation. After sacrifice, the lungs and trachea were removed intact from each animal. The lungs were lavaged with 0.9% saline eight times with a recovered volume of about 1500 ml. The entire lung was homogenized with an Ultra-Turrex Homogenizer in an equal volume of 0.32 M sucrose/Tris HCl buffer at pH 7.4 (10, 13) . Three samples of the homogenate were retained as representative of the lung parenchyma. Three 40 ml samples of homogenate were used for isolation of lamellar body and microsome fractions via a series of differential centrifugation and sucrose step gradient ultracentrifugation procedures (10, 13) . The lamellar bodies from the sucrose step gradients were diluted to approximately 0.2 M sucrose and recovered as a pellet after centrifugation at 8000 X g for 20 min. The lamellar body isolation procedure has been previously verified for newborn lamb lung by electron microscopy and marker enzyme analyses (13) .
To demonstrate the adequacy of the alveolar wash procedure, a control study was done in which 1 pCi of [3H]-labeled natural surfactant was instilled into the tracheas of twin lambs, as described above, followed by immediate sacrifice of the lambs. The lungs were removed and immediately lavaged with saline. The efficacy of the lavage procedure was estimated by comparing the amount of isotope recovered in the alveolar wash with the amount of isotope recovered in the lung homogenate fractions.
Pulmonary alveolar macrophages were recovered from two 100 ml aliquots of alveolar wash by an initial centrifugation at 500 X g for 20 min at 4°C. The resulting pellets were resuspended in physiologic saline, and layered over 0.7 M sucrose in saline for centrifugation at 2000 X g for 20 min. The pellet was resuspended in 5 ml normal saline. An aliquot of the resuspended pellet was taken to assess total isotope present and the rest was saved for lipid anal sis y . . . Lipid analysis. Phosphatidycholine was isolated from lipid extracts (2) of the lung parenchyma, alveolar wash, lamellar bodies, microsomes, macrophages, and labeled natural surfactant by thin layer chromatography, and recovered by filtration (1 1). Aliquots of the phosphatidylcholine were used to measure phospholipid phosphate (1) and to measure radioactivity (f3H] and [I4C]) in Aquasol scintillation fluid. Specific activities were determined for each sample as cpm/pmole phosphatidylcholine. As the kinetics of secretion of phosphatidylcholine and saturated phosphatidylcholine were similar in the newborn lamb (13), total phosphatidylcholine was studied instead of saturated phosphatidylcholine.
Data analysis. Each of the newborn lambs received both I3H]-palmitate labeled natural surfactant, and free [14C]-choline, thus generating two sets of data. Each sample was studied in triplicate; thus, each data point is a mean of three values. Subcellular organelles were not isolated from two animals.
Specific activities vary with the absolute amount of isotope given to each animal and with the size of the animal. Therefore, all specific activities are normalized to 2 X lo6 cpm of administered
[3H] surfactant-associated phosphatidycholine and 2 x lo6 cpm of administered [14C]-choline and to a dry weight of 4.0 kg (e.g., if
1.9 x 10Qpm of labeled phosphatidylcholine were given to a 3 kg animal, specific activities would be multiplied by 2/ 1.9 x 3/4). To show concentration or lack of concentration of label in subcellular organelles, the specific activities of microsomes and lamellar bodies are expressed relative to the specific activities of the lung homogenate.
RESULTS
Animals.
Mean pH of umbilical venous blood at the time of delivery of the lambs was 7.32 + 0.02 (S.E.); mean Poz was 32.9 + 3.6 torr; and mean P C O~ was 41.9 + 2.6 torr. All animals Figure 1 shows the disappearance from alveolar wash and from the total lung compartment (alveolar wash and homogenate) of the [3H] labeled natural surfactant phosphatidylcholine, which was mixed with the fetal lung fluid at birth. Initially, 90% of the administered labeled phosphatidylcholine was recoverable in the alveolar wash. The slopes of the decay curves provide estimates of the biologic half-lives of phosphatidylcholine in the alveolar wash and whole lung of 11.6 and 6.0 days, respectively. The accuracy of these estimates is limited because the length of the study is short relative to the half-life values; however, the data adequately demonstrate an exceptionally long apparent half-life of alveolar surfactant in newborn lambs. The % of labeled phosphatidylcholine in the homogenate fraction was 20-50% of that administered. It is assumed to be associated with the lung tissue. The lavage procedure is effective in removing almost all recoverable phospholipid from the alveoli of newborn lambs (3) .
Spectfic activities of [3H]-phosphatidylcholine in alveolar wash and homogenate.
The specific activities of [3H]-phosphatidylcholine in the alveolar wash and homogenate are shown in Figure 2 . The specific activity in the alveolar wash was almost 9000 cpm/ pmole phosphate in the animal sacrificed 5 min after labeled surfactant administration. This was followed by a sharp decline in the first h after administration, then a more gradual decline from 10 h to the end of the study period. The specific activity in the homogenate initially rose after isotope administration, with the value at 80 min approximately twice the value at 5 min. From the specific activity at 10 h, there was a gradual downward trend.
The specific activities of the microsomal and lamellar body fractions, relative to the specific activities of the lung homogenate;, are shown in Fieure 2. The relative svecific activities of microsome fractions were \ll <1. Label in t6e lamellar bodies was more concentrated than in the surrounding homogenate with all relative specific activities > 1 after the 30 min value. The specific activities of the homogenate, lamellar body, and microsomal fractions of the two animals sacrificed immediately after isotope administration were 12%, 13% and 10% respectively, of the alveolar wash specific activities. This demonstrates that initially little contamination of these fractions occurs from the isotope in the alveoli. Table 2 ). The relative specific activity of the lamellar bodies was < I in every instance, indicating no particular concentration of choline-labeled phosphatidylcholine in these organelles.
Macrophages. Histologic examination of hematoxylin and eosin stains revealed that more than 90% of the cells recovered from the 
DISCUSSION
The natural surfactant used in this study has been shown to be effective in physiologic quantities in the therapy of hyaline membrane disease in premature lambs (12) . Because of this, we feel confident that a good portion of the surfactant administered in this fashion actually reached the alveoli. We did not document the distribution of exogenous surfactant in the lungs, which would be a worthwhile topic for future investigation. The beneficial effect to immature lambs is much shorter lived than the half-life derived in this study would indicate. This abbreviated response has been investigated by Ikegami et al. (7) and seems to be due to a reversible inhibition of surfactant phospholipids by a protein in the alveolar fluid in animals with severe RDS, rather than because of rapid degradation. Our data in this study are quite consistent, however, with the beneficial effect of a natural synthetic surfactant mixture used by Fujiwara et al. (4) in the treatment of RDS in humans with less severe pulmonary disease than we observed in premature sheep.
The most striking finding in this study is the prolonged apparent half-life of palmitate-labeled surfactant associated phosphatidylcholine in the newborn sheep. As stated earlier, we would not interpret these half-life values to mean anything other than the fact that the apparent half-life of pulmonary phosphatidylcholiie is extremely long. The half-lives, which we measured, are based on the presence of isotope in alveolar wash and homogenate. If phosphatidylcholine is being degraded and its components resynthesized into new phosphatidylcholine, the apparent half-life will be considerably longer than the actual half-life of an individual phosphatidylcholine molecule. Our findings are clearly different from the half-life values obtained by using intravenously injected surfactant precursors in adult rats and rabbits (10, 11, 19, 20) . These differences are presumably due to a different mode of administration of isotope, different levels of maturity, and species differences. Oyarzun et al. (17) reported data consistent with uptake of dipalmitoyl phosphatidylcholine (DPPC) into lung tissue. Using labeled DPPC in the form of unilamellar liposomes, they found a clearance rate of DPPC from alveoli of the adult rabbit of 7.8%/h (3.1% in those with increased ventilation). Scarpelli et al. (18) in a study in which [I4C] labeled phosphatidylcholine was mixed with pulmonary fluid of fetal sheep, found an early tl/:! of 15 min in the pulmonary fluid and a late tlI2 of 57 min. Oyarzun et al. (17) studied adult rabbits and administered liposomes of DPPC that are in a different physical state than natural surfactant. The small unilamellar liposomes might be more or less readily available for clearance than the natural form of intra-alveolar surfactant. Scarpelli et al. (18) studied fetal lambs at gestations greater than 135 days. Relative pulmonary immaturity (exact gestational ages are not given) could lead to different results as well as the fact that a pure synthetic labeled phosphatidylcholine, bound to bovine serum albumin, was used.
The prolonged apparent t l I z indicates extremely slow turnover of alveolar surfactant and/or considerable retutilization of label and possibly of the entire phosphatidylcholine molecule. The fact that an appreciable amount of labeled palmitate was recovered in the lung homogenate is in itself an indication that reuptake of alveolar label into the lung tissue occurs. This is consistent with the findings of Geiger et al. (5) , who detected absorption of labeled aerosolized DPPC into lung tissue (particularly type 2 pneumocytes) by examining autoradiographs of frozen sections. We feel that our data are consistent with an ongoing process of reuptake of alveolar surfactant phosphatidylcholine (or at least the labeled palmitate) and either resynthesis of new labeled phosphatidylcholine or resecretion of the same phosphatidylcholine molecules. The fact that reutilization occurs has been predicted by studies in rabbits using intravenously administered precursors of surfactant phosphatidylcholine (9) .
In the present study, the specific activities of ['HI-phosphatidylcholine in the subcellular organelles of the lung tissue are of interest. The ratio of microsome versus homogenate specific activitv is alwavs <I. The microsomal fraction is considered to be the , , site of synthesis of phosphatidylcholine (including nonsurfactant phosphatidylcholine). If this ratio were >1, we could state that labeled surfactant phosphatidylcholine was concentrated in the microsomes. We cannot claim, however, that there is a lack of concentration of labeled surfactant phosphatidylcholine in the microsomes even though the ratio is <1.0 because nonsurfactant phosphatidylcholine is also present in the microsomes, and this will tend to decrease the specific activity. It is possible that phosphatidylcholine is absorbed into type 2 alveolar cells intact and then resecreted. Consistent with this idea is the finding that specific activities of [3~]-phosphatidylcholine in lamellar bodies versus homogenates were >1 after 30 min. If the labeled palmitate were cleaved from the phosphatidylcholine molecule and then used for the synthesis of new phosphatidylcholine, we might expect a greater concentration of labeled phosphatidylcholine in the microsomes, with subsequent concentration in the lamellar bodies. This pattern is seen during de novo synthesis of phosphatidylcholine, after an intravenous injection of radiolabeled palmitic acid in lambs (13) . The initial rapid decline of specific activity of labeled phosphatidylcholine in the alveolar wash reflects dilution by the alveolar phosphatidylcholine already present, dilution by early secretion of phosphatidylcholine during the first hours of life, and uptake of labeled phosphatidylcholine from the alveoli into other compartments. The increase in specific activity in the homogenate over the first 80 min reflects the initial uptake of labeled phosphatidylcholine from the alveoli. The gradual decrease in alveolar wash and homogenate specific activities after 80 min reflects the remarkable conservation of total palmitate label in the pulmonary compartment.
The incorporation of a sizable % of free alveolar ['4C]-choline into phosphatidylcholine indicates that choline can be absorbed from the alveoli into the lung tissue where it is used as a precursor. Only a small % of the administered choline reappears in the alveoli as labeled phosphatidylcholine, however. The probable explanation for this is that the choline is absorbed into many cells other than type 2 cells and is used in the synthesis of membrane phosphatidylcholine. Relative specific activities indicate no concentration of [I4C] labeled phosphatidylcholine in the lamellar bodies, whereas there is considerable early concentration of labeled phosphatidylcholine in the microsomes. This indicates that synthesis of labeled phosphatidylcholine is taking place, but that it is not being stored in the lamellar bodies as is surfactant phosphatidylcholine (6, 1 1) .
A number of recent studies in adult animals have suggested that the pulmonary alveolar macrophage (PAM) may be of importance in the synthesis or breakdown of alveolar surfactant (3, 6, 14-16). Our findings of very low amounts of [3H]-palmitate or [14C]-choline labeled phosphatidylcholine in the PAM's would seem to indicate that these functions attributed to PAM's do not take place in a quantitatively significant manner in the newborn lamb. If significant degradation of surfactant occurs in PAM's, it would have to occur rapid1 and the isotope would have to be disposed Y of rapidly because [ HI label does not accumulate in the PAM. Because [I4C] label appears in PAM's only in small quantities, absorption of free alveolar choline by PAM's does not seem to play a significant part in surfactant degradation in the newborn lamb. It appears that PAM's do not utilize alveolar choline to a significant degree for phosphatidylcholine synthesis. These findings are not necessarily indicative of the function of PAM's in surfactant metabolism in adult animals.
